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Edited by Amy McGoughAbstract This paper reported the use of resonant waveguide
grating biosensors for studying the cytoskeleton structure in
cells. This was achieved by measuring the changes in mass within
the bottom portion of cells upon exposure to saponin in the ab-
sence and presence of cytoskeleton modulators. Treatment of
Chinese hamster ovary cells with saponin led to a dose-dependent
and dynamic mass changes. When a higher concentration of
saponin (>60 lg/ml) was used, a net loss in mass was observed.
This is probably resulted from the diﬀusion of soluble intracellu-
lar materials away from the bottom portion of cells after pore
formation in the cell plasma membranes by saponin. The pre-
treatment of cells with actin disruption agents, cytochalasin B
and latrunculin A, led to signiﬁcantly increased loss in cell mass
induced by either 75 or 125 lg/ml saponin. These results sug-
gested that optical biosensors provide an attractive means to
study the cytoskeleton structure and screen modulators that af-
fect the cytoskeleton structure.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The cytoskeleton is a complex and dynamic network of pro-
tein ﬁlaments, and extends throughout the cytoplasm of
eukaryotic cells. The cytoskeleton is involved in executing di-
verse cellular activities, for example, by providing tensile
strength for maintaining cell shape, by providing the ‘‘track’’
or ‘‘docking sites’’ for signaling and traﬃcking, and by provid-
ing force for cell motion, intracellular transport and cell divi-
sion [1–4].
Many studies have shown that endogenous macromolecules
are highly organized within the cytoplasm of mammalian cells
through direct binding to or transiently associated with cyto-
skeletal ﬁlaments, and normally are not free to diﬀuse over
large distances [5]. There are three kinds of cytoskeletal ﬁla-
ments: actin ﬁlaments, intermediate ﬁlaments and microtu-
bules. Distinct ﬁlaments diﬀer in not only biological
functions, but also localization. Actin ﬁlaments are mostly
concentrated just beneath the plasma membrane, as they keep
cellular shape, form cytoplasmatic protuberancies, and partic-
ipate in some cell-to-cell or cell-to-matrix junctions, signal
transduction and muscular contraction. Intermediate ﬁlaments
are structural components of the internal three-dimensional
structure of the cell, and also participate in some cell-to-cell*Corresponding author. Fax: +1 607 9745957.
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are organized by the centrosome and involve in intracellular
transport and the mitotic spindle.
Conventional methods for probing the cytoskeleton struc-
ture mainly utilize the staining of cells with ﬂuorescently la-
beled molecules that can speciﬁcally bind to certain
cytoskeleton components such as F-actin or tubulin [6,7].
These methods have revolutionized our understanding of the
cytoskeleton structure and dynamics, the organization of cellu-
lar machineries, and the important roles of the cytoskeleton in
cell function including signaling. However, the use of labels or
artiﬁcial manipulations such as overexpressed or exogenous
molecules could contribute in an adverse way to elucidating
the real cellular physiology of the targets studied.
In this paper, we applied resonant waveguide grating
(RWG) biosensor [8,9] to monitor in real time the action of
saponin – a plant-derived glycoside that is well known to dis-
rupt the cell plasma membranes and causes the leakage of the
intracellular components – on living cells. The RWG biosensor
is an evanescent wave-based biosensor that does not require la-
bel(s). Results showed that the eﬀect of compounds on the
saponin-induced changes in cell mass can be used as a novel
optical signature for probing the modulation of cytoskeleton,
particular actin ﬁlaments.2. Materials and methods
Cytochalasin B, latrunculin A, vinblastine, brefeldin A, saponin
phalloidin, and nocodazole were purchased from Sigma Chemical
Co. (St. Louis, MO). Texas Red-X-phalloidin (TR-phalloidin) and
Live/DEAD cell viability reagent kit for animal cells were obtained
from Molecular Probes (Eugene, Oregon).
Corning Epice 96well biosensor microplates were obtained from
Corning Inc (Corning, NY), and cleaned by exposure to high intensity
UV light (UVO-cleaner, Jelight Company Inc., Laguna Hills, CA) for
6 min before use for cell culture.
Chinese hamster ovary (CHO-K1) cells were obtained from Ameri-
can Type Cell Culture. The CHO cells were grown in Kaighns modi-
ﬁcation of Hams F12 medium (F-12K) supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 1.5 mg/ml sodium bicarbon-
ate, and antibiotics. For cell culture, 1–3.5 · 104 cells suspended in
200 ll the F-12K medium containing 10% FBS were placed in each
well of a 96well biosensor microplate, and were cultured at 37 C under
air/5% CO2 until 95% conﬂuency was reached (2–4 days). Before
assays, the cells were washed twice with 1· HBSS (1· regular Hanks
balanced salt solution, 20 mM HEPES buﬀer, pH 7.0, and 2.5 mM
probenecid), and maintained with 100 ll 1· HBSS buﬀer. Afterwards,
the sensor microplate containing cells was placed into an arrayed angu-
lar interrogation system, and the cell responses were recorded before
and after addition of a solution. For compound studies, the cells in
each well were pretreated with 50 ll HBSS buﬀered solution containing
a compound until a steady phase (i.e., no obvious mass redistribution)
was reached (generally within one hour), before saponin solution of
50 ll was introduced.ation of European Biochemical Societies.
Fig. 1. A schematic drawing of the present method for probing the
cytoskeleton structure with optical biosensor. Live cells are cultured
and adherent onto the surface of a waveguide grating biosensor. After
treated with saponin, the cell becomes permeabilized, and some
portions of intracellular molecules become free to diﬀuse away. Upon
disruption of the cytoskeleton structure, some of the sequestered
molecules by the cytoskeleton will be released, resulting in the loss of
mass within the sensing volume. The loss of cell mass leads to a change
in reﬂected light from the sensor, and can be recorded in real time.
Only the bottom portion of the cells can be monitored, as determined
by the limited penetration depth of the sensor.
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netic or p-polarized TM0 mode was used for all studies. This system
consists of a launch system for generating an array of light beams such
that each illuminates a RWG sensor with a dimension of
200 lm · 3000 lm, and a CCD camera-based receiving system for
recording changes in the angles of the light beams reﬂected from these
sensors. The arrayed light beams were obtained through a beam split-
ter and diﬀractive optical lenses. This system allows up to 49 sensors in
a microplate (in a 7 · 7 well sensor array) to be simultaneously sam-
pled at every 3 s. During the data collection, the whole system remains
static, except of the liquid handling. Since the RWG sensors are ther-
mally sensitive, all solutions had been equilibrated for 3 h inside the
detection system before applied to the cells to eliminate potential mis-
match between the medium and the compound solution. In addition,
all studies were carried out at room temperature with the lid of the
microplate on in order to minimize the eﬀect of temperature ﬂuctua-
tion and evaporative cooling. Because of the unique design of our sys-
tem in which the resonant band of each sensor can be divided into
multiple segments for data collection and analysis, the segments having
no cells can be speciﬁcally used for intra-well self-referencing to ﬁlter
out any unwanted eﬀects when occurring. The unit of the responses
indicated throughout this paper was a change in pixel of the central po-
sition of the resonant band of each sensor as recorded by the CCD
camera; 1 unit equals to 45 picometer (pm) shift in wavelength, a
common parameter used for surface plasmon resonance as well as
the RWG biosensor.
After optical biosensor measurements, the cells resulted were imme-
diately stained either with TR-phalloidin without any ﬁxation, or Live/
Dead cell staining reagent following the protocol recommended by the
supplier. A Zeiss Axioplan ﬂuorescence microscope was used to collect
all ﬂuorescence and light images.
To measure the release of biomaterials from the saponin-permeabi-
lized cells, the supernatant solution in three replicates of wells after as-
sayed was collected. After centrifuged to remove the cells detached
during the procedures, the supernatant solutions were spin dried.
The resulted materials were subject to SDS–PAGE analysis.3. Results and discussions
3.1. Principle for probing the cytoskeleton structure using optical
biosensor
The present approach is based on real time measurements of
the changes in cell mass in response to appropriate saponin
treatment in the absence and presence of cytoskeleton modula-
tors (Fig. 1). The RWG biosensor utilizes an optical beam with
an appropriate spectral or angular content, such that when this
beam is reﬂected by the sensor surface, the resonant angle or
wavelength response becomes dominant in the output beam.
Since this technology is an evanescent wave sensor with a lim-
ited penetration depth (also termed as sensing volume, 100–
200 nm) of the wave tail penetrating into the cells and their
surrounding medium, only the bottom portion of adherent
cells is monitored. Similar to other optical biosensors including
surface plasmon resonance [10,11], this technology is also
capable of detecting the changes in local refractive index sur-
rounding the waveguide ﬁlm. The change in refractive index
is directly proportional to the redistribution in mass due to
the movement of macromolecules in cells.
Among several cell-permeabilized chemicals including ﬁli-
pin, digitonin or streptolysin O, saponin is well known for
its ability to bind to cholesterol in the cell plasma membrane
and render the membrane suﬃciently porous to permit soluble
proteins to diﬀuse away [12–17]. Although saponin treatment
leads to the loss of some portions of endogenous macromole-
cules in cells, saponin causes minimal damage to internal mem-
branes when appropriate concentrations of saponin are used.
In addition, the disassembly of actin ﬁlaments has been shownto signiﬁcantly increase the amount of macromolecules being
released from the cells, companied with a dramatic reduction
of protein synthesis [12]. Based on these observations, we
hypothesized that the RWG biosensor should be able to study
modulators that may interfere with the cytoskeleton structure.
A typical assay protocol was presented in Fig. 2. The CHO
cells cultured onto the surface of a biosensor were subjected to
the HBSS buﬀer and a saponin solution in a sequential man-
ner. The initial treatment of cells with the buﬀer is necessary,
because any unwanted eﬀect can be monitored and minimized.
For example, any temperature mismatch between the medium
and a compound solution when occurring can be minimized by
delaying the addition of the solution. The subsequent treat-
ment of CHO cells with 75 lg/ml saponin led to a rapid change
in signal lasting less than 20 s, followed by a dynamic response
that consists of two major phases: a positive phase with in-
creased signal and a decay phase with decreased signal. The
initial rapid response is primarily due to a bulk index change
as a result of the diﬀerence in refractive index between two
solutions; the bulk index change temporarily overwhelms any
mass redistribution signal. An increased response means an in-
crease in mass within the sensing volume; vice versa, a de-
creased response indicates a decrease in mass.
3.2. Saponin action on CHO cells
Fig. 3 summarized the saponin-induced responses of CHO
cells, which clearly exhibited a dose-dependency. At lower con-
centrations (<60 lg/ml), saponin causes no obvious or a little
eﬀect on the mass distribution in CHO cells, as indicated by the
ﬂat or slightly increased responses over time (Fig. 3A). This
suggested that at these concentrations, saponin treatment did
not trigger either a signiﬁcant loss of intracellular macromole-
cules, or a signiﬁcant mass movement due to the compromised
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Fig. 2. The assay protocol. The cells were subject to the HBSS buﬀer
and a saponin solution in a sequential manner. The cell response was
plotted as a function of time. The solid arrows indicated when each of
the two solutions was introduced. The broken arrow indicated the time
that was used as a starting time for data normalization. The ﬁnal
concentration of sapoin was 75 lg/ml.
Y. Fang et al. / FEBS Letters 579 (2005) 4175–4180 4177membrane integrity. We noted that the small incremental re-
sponse (e.g., in the curve d or e) is probably due to the binding
of saponin to the cell membrane and/or small morphological
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Fig. 3. (A,B) The dynamic responses of CHO cells before and after treatment
(a–i) was 0.1, 0.5, 2.5, 13, 67, 75, 100, 125 and 333 lg/ml, respectively. (C)
responses induced by 75 lg/ml saponin. The solid arrow in A–C indicated wh
indicated by the broken arrow in (C), of the decayed signal was plotted as aAt intermediate concentrations (between 60 and 125 lg/
ml), saponin results in a reproducible and dynamic mass redis-
tribution consisting of two distinct phases: a positive phase
with increased signal and a decay phase with decreased signal
(Fig. 3B and C). When the positive phase is probably due to
the ﬂatness of cells caused by saponin [13,14], the decay phase
may be contributed to the diﬀusion of soluble intracellular
molecules away from the bottom portion of the cells, or even
from the whole cells, upon exposure to saponin. The sapo-
nin-induced leakage of biomaterials from the adherent cells
was conﬁrmed by qualitative SDS–PAGE analysis (data not
shown). Since saponin renders the membrane porous through
binding cholesterol in the cell surface and cholesterol plays
important roles in a variety of cell signaling [18–20], some sig-
naling pathways might be activated due to the alteration in
cholesterol distribution, thereby partially contributing to the
overall responses. Such possibilities need to be further studied.
These responses suggested that at these concentrations saponin
treatment initially triggers some mass movements in cells due
to the loss of membrane integrity or the alteration of choles-
terol content in the cell plasma membrane by saponin, and ulti-
mately leads to loss of macromolecules from the bottom
portion of the permeabilized cells.
In contrast, at higher concentrations (>125 lg/ml) saponin
leads to only a rapidly decayed signal (Fig. 3B), suggesting
that at these high doses saponin treatment causes rapid cell0 100 200 300 400
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with saponin at diﬀerent doses. The ﬁnal concentration of saponin for
Three independent experiments showed the reproducibility of the cell
en saponin solution was introduced. (D) The amplitude, calculated as
function of the concentration of saponin. n = 3 for ±SD analysis.
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cules away from the bottom portion of cells dominates the
optical responses observed, and the rapid loss of cell mem-
brane integrity and subsequent rapid diﬀusion of cellular
macromolecules minimizes the potential eﬀects of any cellular
events, other than the diﬀusion, mediated by saponin. Similar
to the kinetics, the total amplitude of the decayed signal
strongly depends on the saponin concentration, yielding an
apparent EC50 of 80 lg/ml (Fig. 3D).
Fig. 4 showed the ﬂuorescence images of CHO cells di-
rectly stained with TR-phalloidin after assayed with saponin
at diﬀerent concentrations. TR-phalloidin is a high-aﬃnity
probe for F-actin. Results showed that as the concentration
of saponin increases, both ﬂuorescence intensity and the
number of ﬂuorescent cells increase. Interestingly, the stain-
ing pattern starts with the peripheral area near the cell plas-
ma membrane at low concentrations of saponin (<60 lg/ml),
and extends to the whole cells at high concentrations of
saponin. Since the ﬂuorescent phalloidin conjugate is not
permeant to most live cells including CHO cells (Fig. 4A),
the staining results indicated that cells start to become per-
meable to small molecules after exposure to P 13 lg/ml
saponin. This was further conﬁrmed by LIVE/DEAD stain-
ing, which showed that there is increasing percentage of cell
membranes being compromised when the concentration of
saponin is >30 lg/ml (data not shown). The obvious discrep-
ancy of saponin eﬀect on cells among three measurements is
contributed to distinct cellular responses examined.Fig. 4. The ﬂuorescence images of CHO cells stained with Texas Red-X-ph
13 lg/ml, (C) 67 lg/ml and (D) 333 l g/ml, respectively. The bar represents3.3. Cytoskeleton modulators alter the saponin-induced
responses
The eﬀect of cytoskeleton modulators on the cell responses
induced by two diﬀerent concentrations of saponin, 75 and
125 lg/ml, was showed in Fig. 5A and B, respectively. The to-
tal amplitudes of the decayed phase under diﬀerent conditions
were summarized in Fig. 5C. Results showed that both cyto-
chalasin B and latrunculin A clearly increase the loss of mass
within the sensing volume, as indicated by the enlarged ampli-
tudes (50%) in response to saponin at both concentrations.
Both modulators are known for their ability to cause actin ﬁl-
ament disassembly. Conversely, phalloidin that promotes actin
polymerization delays the loss of mass in cells induced by sapo-
nin, although its total net changes of the decayed signals even-
tually become almost identical to the cells treated with saponin
only. On the other hand, similar to brefeldin A (data not
shown), neither vinblastine nor nocodazole have any eﬀect
on the saponin-induced response. Both nocodazole and vin-
blastine are antimitotic agents that inhibit microtubule assem-
bly. One possible mechanism is that actin ﬁlaments, but not
microtubules, provide docking sites for most of the bio-macro-
molecules associated with the cytoskeleton structure [12]; dis-
ruption of the actin ﬁlaments, but not microtubules, results
in the release of these sequestered macromolecules from the
bottom portion of the saponin-treated cells and/or the whole
permeabilized cells. Alternatively, since the actin ﬁlament
network is the primary source of the restrained diﬀusion of
intra-cellular macromolecules [21,22], disruption of the actinalloidin after assayed with saponin at diﬀerent doses: (A) 0 lg/ml, (B)
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Fig. 5. The eﬀect of pretreatment with compounds on the responses of CHO cells induced by saponin: (A) 75 lg/ml saponin and (B) 125 lg/ml
saponin. The compounds were latrunculin A (20 lM), cytochalasin B (10 lM), phalloidin (10 lM), vinblastine (1 lM), and nocodazole (10 lM). The
cells pretreated with HBSS at the same volume as the compound solution (50 ll) were used as a positive control. n = 3 for ±SD analysis.
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macromolecules (Fig. 5A and B), but also allow better diﬀu-
sion of macromolecules including G-actin in the permeabilized
cells, thus resulting in an increased loss in mass by latruculin A
or cytochalasin B.
Based on that the total shift of the central position of the res-
onant band, due to cells cultured on the surface of a sensor
with a conﬂuency of 95%, was found to be 23 ± 4 unit
(n = 8), the amount of biomaterials leaving the sensing volume
was estimated to be 3.6 ± 0.4%, 5.6 ± 0.5%, and 5.9 ± 0.4%
(n = 3) for cells treated with 75 lg/ml saponin in the absence
and presence of cytochalasin B or latrunculin A, respectively.
Similarly, the decrease in mass was 9.0 ± 0.1%, 12.9 ± 0.4%,
and 13.2 ± 0.1% (n = 3) for cells treated with 125 lg/ml sapo-
nin in the absence and presence of cytochalasin B or latruncu-
lin A, respectively. As expected, qualitative SDS–PAGE
analysis showed that both chemicals increase the release of
intracellular materials from the saponin-permeabilized cells
(data not shown). However, these estimated changes in mass
within the bottom portion of cells are smaller than those re-
ported in the literature [12], which was based on whole cell
measurements.
In conclusion, the action of saponin on live cells in the ab-
sence and presence of cytoskeleton modulators can be moni-
tored in real time using the RWG biosensor. Our ﬁndings
conﬁrmed that saponin can cause the permeabilization of cells,
and disruption of actin ﬁlaments can accelerate and increase
the loss of cellular macromolecules within the bottom portionof the cells. Since the RWG biosensors do not require labels,
this technology has minimal interference with the real cell
physiology. Furthermore, in response to stimulation speciﬁc
signaling pathway(s) become activated which could lead to dy-
namic and sometimes dramatic mass redistribution in cells due
to, for example, the translocation of cellular components or
unique morphological changes [23,24]. The RWG biosensors
should be able to detect such changes and give rise to a unique
optical signature for the activation of a particular target or sig-
naling pathway(s) upon a speciﬁc stimulation. Thus, the RWG
biosensors hold great potentials in studying not only the cyto-
skeleton structure and modulation, but also cell signaling.Acknowledgments: The authors thank Dr. Norman H. Fontaine for his
technical support in instrumentation.References
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